When an electric field is applied to a nematic liquid crystal cell with splay alignment layers, which is realized by mechanical parallel rubbing, the system exhibits abnormal reverse tilt domains. Even though the system has pretilt angle due to symmetry breaking by rubbing, existence of singular point in a cell by splay geometry and shift of that by locally asymmetric pretilt angle configurations result in the abnormal reverse tilt domains. On the basis of Oseen-Frank theory, dependence of singular point upon the abnormal reverse tilt domains is theoretically investigated for a splay alignment liquid crystal cell. By using the Dickman's Q-tensor method ͓SID Int. Symp. Digest Tech. Papers 24, 638 ͑1993͔͒, liquid crystal director field is calculated for the splay-aligned liquid crystal cell that an electric field is applied to. We presume a model to explain the abnormal reverse tilt domains, and derive the conditions required for the generation and elimination of these domains.
I. INTRODUCTION
In general, reverse tilt domains are generated in the homogeneous and twisted nematic devices with nearly zero pretilt angle. [1] [2] [3] [4] [5] [6] [7] The disclinations at reverse tilt domain boundaries seriously degrade its performance. A nonzero pretilt angle by the methods such as mechanical rubbing and noncontact photoexposure is required to prevent the formation of reverse tilt domains in the nematic devices. The solid surface treated by the conventional rubbing method, which has been widely used to obtain a uniform director alignment in liquid crystal ͑LC͒ cells, orients the LC direction, n along the easy axis ͑rubbing direction͒. Rubbing breaks the symmetry by reorienting polyimide ͑PI͒ chains used as solid substrate material. Then the anisotropic distribution of PI chains is responsible for the LC alignment. Surface molecular distribution of PI film treated by rubbing or photoexposure has been revealed through prominent experiments by several scientists. 3, 4 In this paper, we present the phenomenon of reverse tilt domain in a nematic liquid crystal cell with splay alignment layers although a uniform director alignment and nonzero pretilt angle are generated by symmetry breaking. Due to the splay geometry, singular point in a cell exists, depending on the initial conditions. By the locally asymmetric pretilt angle configurations in the cell, the symmetry of singular point in it is broken to shift from the center point. The abnormal reverse tilt domains are generated when an electric field is applied to the splay alignment LC cell with the locally asymmetric pretilt angle configurations. On the basis of OseenFrank theory, dependence of singular point upon the abnormal reverse tilt domains is theoretically investigated for a splay alignment liquid crystal cell. In general, the OseenFrank approach is not allowed in the system such as the splay alignment with singular point to transform between topologically inequivalent states, one state being initially characterized by a nontwisted director field with splay, the second state showing a nontwisted director field with bend after an electric field is applied. 8, 9 In general, defects occur to allow for the transition between topologically inequivalent director configurations. Oseen-Frank vector representation method is the more common method, but it cannot handle defects that may happen in the LC cell because it assumes that the order parameter S is a constant. As a result, it also cannot handle transitions between topologically different states ͑for example, splay to bend transition in the splayaligned cell͒. Therefore, in order to calculate LC director configurations as the applied electric field, Dickman's Q-tensor representation is used. 10, 11 
II. REVERSE TILT DOMAINS
Schematic illustration of an initial splay geometry is shown in Fig. 1͑a͒ . Pretilt angles in upper and lower substrates are assumed as ␣ 2 and ␣ 1 , respectively. The cell was placed under a polarizing optical microscope for texture observations, as shown in Fig. 1͑b͒ . The splay-aligned LC cell was set at 45°between the crossed polarizers. Optical images were monitored with a charge-coupled device ͑CCD͒ camera ͑Toshiba IK-637K͒. We could obtain 30 frames/ s with the CCD camera. In order to test, the nematic liquid crystal mixture MLC 6265-100 ͑E. Merck͒ with positive dielectric anisotropy is confined at room temperature in a 4.2-m-thick planar cell with aligning surfaces that anchor the molecular director in the surface plane in the +x direction. The alignment layer was coated on the bottom and top glass substrates by spin coating with SE-3140 ͑by Nissan Chemicals Co.͒, and rubbing was done in parallel direction ͑+x direction͒. By rubbing technique, the competition between surface and bulk interaction produces a nonzero pretilt angle for SE-3140. This pretilt angle of this fabricated cell measured by the crystal rotation method is approximately 5.2°. 6, 12 Initially the sample cell is the splay alignment state with uniform director configurations, showing CCD image of green color in Fig.  1͑c͒ . When an electric field above the Fréedericksz threshold is applied perpendicular to the surfaces, the director tilts out of the surface plane. We can observe the optical images of the abnormal reverse tilt domains, as shown in Fig. 1͑d͒ . On the basis of these experiments, we can infer that the director can tilt in two possible orientations, which are approximately degenerate in energy. These two orientations will be called the I and II states of the system. Hence, the system can break into I and II domains, called abnormal reverse tilt domains. Figure 2 shows the pictures taken by the CCD camera, and it shows how the state of the splay-aligned LC cell is changing after an electric field applied. In order to represent that the reverse tilt domains irrespective of cell thickness are generated, the sample cell maintained by the spacers of 8 m with the same fabrication conditions such as rubbing strength and aligning agent was prepared. The sample cell thickness between two glass substrates was maintained by the spacers of 8 m. With no electric field applied, the sample cell was in a splay-aligned state, where all molecules were aligned parallel to the surface ͓Fig. 2͑a͔͒. As soon as an electric field above a critical value was applied, reverse tilt domains were generated through the LC layers, and another state, called bend state, was formed in the defect region of alignment-layer surface ͓Fig. 2͑b͔͒. In general, because of the topological inequivalence between the bend state and the splay state, the transformation between the splay state and the bend state is inevitably accompanied by a bend nucleus, 13, 14 which results from the local nonuniformity caused by spacers and defects of the alignment-layer surface. The domain growth of the bend state takes place over a relatively long time. 15 For example, in the case of our sample cell of 3 ϫ 3 cm 2 with 8 m thickness, in order to transform the splay state to the bend state, it is necessary to apply a voltage of 12 V square wave of 1 kHz for about 14 s. In the case of the voltage of about 5 V, it takes about 45 s to transform the splay state to the bend state. And as time went by, these domains were separated into two areas explicitly, and bend domain started to spread out in the whole cell from the defect ͓Figs. 2͑c͒-2͑f͔͒. It is considered for the nuclei density to depend on surface conditions such as the spacers and the defects on the polyimide. These two areas are considered as the middle state between the splay state and the bend state, which seem to be abnormal reverse tilt domains of regions I and II, as shown in Fig. 3͑a͒ . Although initial state has the uniform pretilt angle construction by rubbing process, abnormal reverse tilt domains are generated. Figure 4 photographing the whole cell by a digital camera explains reverse tilt domains. We could confirm, with the photograph, that the colors of the two areas were reversed when we viewed at the right and left sides along the rubbing direction. We could 
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Lee et al. J. Appl. Phys. 100, 064902 ͑2006͒ also confirm that the optic axis was along the rubbing direction, resulting in nontwisted state. From these facts, it seemed possible in director distribution with reverse tilt domain as shown in Fig. 3͑a͒ . These results have been deduced by assuming that the whole cell has the locally asymmetric pretilt angle configuration. If the parallel rubbing has been treated on two substrates of LC cell in the direction +x as shown in Fig. 1͑a͒ so that the uniform and symmetric pretilt angle configuration is initially formed through the whole cell, the singular point is formed in the center region of LC cell, as shown in Fig. 3͑b͒ . In the case of applying an electric field to the LC cell with perfect symmetric pretilt angle configuration, the behavior of singular point is not defined because of the equivalence of director field n and −n. In the configuration such as Fig. 3͑b͒ , surface conditions such as the spacers and the defects on the polyimide generate bend state nuclei to grow to fill the display. Therefore, we cannot imagine this perfect symmetric pretilt angle configuration.
As a result, even if the uniform parallel rubbing has been treated in the direction +x on upper and lower substrates of the LC cell with the same alignment material, the direct interaction between the nematic liquid crystal ͑NLC͒ and the substrate is not same in the whole cell, which generates the locally asymmetric pretilt angle configurations. For example, although the average pretilt angle of SE-3140 is known as about 5°, by rubbing process, we can presume that the pretilt angle is composed of various angles along the rubbing directions as shown in Fig. 5 . That is, we anticipate that regions I and II are locally generated in the cell substrates. Hence, the reverse tilt domains arise because the electric field induced both clockwise ͑region II͒ and anticlockwise ͑region I͒ reorientations of nematic molecules about an axis normal both to the electric field and the molecular director before the electric field application, by which optical effects is obtained as shown in Figs. 1͑d͒ and 2 . Therefore, we can confirm that in the case of applying an electric field in a splay LC cell, reverse tilt domains occur in the whole cell. We could see that the region growing took place, and these reverse tilt domains were closely banded together. Hence, from synthetic results, we propose a model in which reverse tilt domains are formed as a middle state during the state transition from the splay state to the bend state as shown in Fig. 5 . In reference, there is no observation in the homogeneous ͑anti-parallel͒ aligned-LC cell, because the bulk director distributions are uniform and have no singular point, irrespective of the initial pretilt angle configuration. In order to confirm the cause of these domains we fabricated some parallel-rubbed cells of asymmetric pretilt angle configuration with the bottom glass substrate using SE-3140 with average pretilt angle of about 5°offered by Nissan Chemicals Co. and top one using SE-150 with average pretilt angle of about 4°offered by Nissan Chemicals Co. or JALS-146 with average pretilt angle of about 1°offered by JSR Co. Figure 6 shows the pictures taken by the CCD camera when a voltage of 12 V was applied. Unlike symmetric pretilt angle configuration with the bottom and top glass substrates using SE-3140, we could not find reverse tilt domains in the configuration of asymmetric pretilt angle as shown in Figs. 6͑a͒ and 6͑b͒. Although reverse tilt domains seemed to be generated in Fig. 6͑b͒, they 5 . Schematic illustration to explain the cause of the abnormal reverse tilt domains; Foe example, in the case of using the same alignment layers with 5°of average pretilt angle in top and bottom substrates, locally domains ͑and ͑͑are formed due to asymmetric effect of pretilt angle.
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Lee et al. J. Appl. Phys. 100, 064902 ͑2006͒ pared with that of the reverse tilt domains in the configuration of symmetric pretilt angle which vanished in above 12 s in 12V rms , it is regarded that reverse tilt domain seems not to be generated since they disappeared within a very short time.
To investigate the effect of anchoring strength, we also fabricated the test cells with asymmetric pretilt angle configuration by using the same alignment materials used in above sample cells. Only by changing the cumulative number of rubs, the test cells were processed with anchoring force differently. 15, 16 According to the experiments, the same consequences irrespective of the anchoring strength appear. From the facts, reverse tilt domains in symmetric pretilt angle configuration, i.e., the structure in which the same alignment materials are used in upper and lower substrates inevitably occurred whether anchoring strength is weak or not. In order words, the abnormal reverse tilt domains seem to be eliminated only by asymmetric pretilt angle configuration.
III. DISCUSSION
In order to obtain the relationship between the singular point and initial pretilt angle conditions, we calculate the director field distributions in initial splay state with no electric field by using the Ossen-Frank theory. Let us consider a NLC geometry of thickness d, planarly oriented in the absence of a distortion field, as shown in Fig. 1͑a͒ . By the Ossen-Frank theory, the free-energy density per unit surface of sample is expressed by [17] [18] [19] 
where K 11 and K 33 are the elastic constants of splay and bend, respectively. The z axis is normal to the bounding surfaces, at z = ±d /2, is the angle formed by the NLC director n with the z axis,
In this expression, f surf is the coupling energy of the liquid crystal to the substrate. Following Rapini and Papoular, 20 Sugimura et al., 21 and Nie et al., 22 f surf may be approximated in the variations of the director orientation at the surfaces by
where w i is anchoring strength coefficient, ei is the direction of the director actually realized at z =−d / 2 and z = d / 2, and ei is the angle of the easy axis. There is one case in which the free-energy equations are simplified greatly. This occurs in the one-constant approximation, K ϳ K 11 ϳ K 33 . 23 The freeenergy density can now be derived from the following energy function:
The tilt angle profile is the one minimizing F given by Eq. ͑3͒. It is determined by solving the differential equation ‫ץ‬ 2 / ‫ץ‬z 2 = 0 with the boundary conditions
where L i = K / w i are the extrapolation lengths, at z = ±d /2, respectively. As a result, we obtain
where the constants 2 = ͑d /2͒ and 1 = ͑−d /2͒ are determined by Eq. ͑4͒.
In the strong anchoring hypothesis w i → ϱ and hence 1 =90°−␣ 1 , 2 =90°+␣ 2 : then
In the weak anchoring hypothesis, by using Eq. ͑4͒ and after trivial calculations pretilt angles can be obtained as
where 1 =90°−␣ 1 and 2 =90°+␣ 2 . By using 2 and 1 of Eq. ͑7͒, we obtain from Eq. ͑5͒.
In the case of strong anchoring condition, as the conditions of ␣ 1 and ␣ 2 are varied, we can find the position that the tilt angle of LC directors is parallel to the cell substrates from Eq. ͑6͒, meaning that the director is along the x axis. When the position that the tilt angle of LC director is exactly zero in the midpoint of the LC cell, we call the point singular point ͑SP͒.
On the basis of previous experiments, for the various initial pretilt angle configurations, we can examine the influence of them on singular point for some of the following special cases:
͑i͒ Pretilt angle in the bottom and top glass substrates is symmetric configuration. For this condition of ␣ 1 = ␣ 2 where ␣ 1 is lower substrate pretilt angle ͑LSPA͒ and ␣ 2 is upper substrate pretilt angle ͑USPA͒; singular point is at z =0. ͑ii͒ Pretilt angle in the bottom and top glass substrates is asymmetric configuration. For ␣ 1 = 5°and ␣ 2 = 1°, singular point is shifted at z = d /3. 
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Once singular point is shifted in the cell, symmetry of LC director configuration is breaking. As a result, local regions I and II is latently generated as the presumed in Fig. 5 . When an electric field is applied to this cell, local regions I and II occurred. Comparing with the experiments, we can find that the reverse tilt domains are not generated in ͑ii͒ and ͑iii͒. It is inferred that when singular point is deviated from zero due to asymmetric configuration, the electric field attempts to align the LC molecules parallel to the field toward the position shifted from z = 0. Therefore, in the asymmetric pretilt angle configuration, we can conclude that the reverse tilt domains are not formed.
In the case of weak anchoring condition, assuming ϳ10 −12 N of K and ϳ10 −4 or ϳ10 −5 N/m of w i , extrapolation lengths are about 0.01 or 0.1 m, respectively. By using the obtained extrapolation lengths, after calculating 1 and 2 from Eq. ͑7͒, we obtained the similar the calculation results as in the case of strong anchoring condition, which is consistent with the experimental results. Figure 7 shows that the position of singular point shifts with the initial boundary conditions. It is assumed that LSPA is 5°. With the variation of the USPA, region I and II are formed. Irrespective of the anchoring strength, similar results are obtained.
As mentioned in the introduction, the Oseen-Frank approach does not simulate the transition between topologically inequivalent states after an electric field application. Therefore, in order to obtain the behavior of LC directors after an electric field is applied to a splay LC cell, we use Dickman's Q-tensor method. The Q-tensor form derived by Dickman can be expressed as follows:
where
and K represents the elastic constants; K 11 , K 22 , and K 33 are the splay, twist, and bend elastic constants, respectively; K 24 is related to surface anchoring energy and, in the case of strong anchoring energy state, K 24 is not needed; q 0 is the chirality of the LC; ⑀ ijk is the Levi-Civita symbol ͑⑀ 123 = ⑀ 231 = ⑀ 312 =1, ⑀ 132 = ⑀ 213 = ⑀ 321 = −1, all other ⑀ ijk =0͒; the ␦ jk is the Kronecker delta, which is 1 if j equals k, and 0 otherwise; and S is order parameter.
The electric free-energy density for the Q-tensor form is derived directly from f e = DE /2,
By using Eqs. ͑8͒ and ͑9͒, we can calculate the LC director distribution from the Q tensor after an electric field is applied. Figure 8 shows the simulation results using Dickman's Q-tensor method in a splay-aligned LC cell, assuming that even though the rubbing process is treated with the same alignment layer, the locally asymmetric pretilt angle configurations are generated in the upper and lower substrates. As shown in Fig. 8͑a͒ , in the field-free state the position of singular point deviates from the center with the locally asymmetric pretilt angle configuration. After applying a voltage of the order of 2 V across the cell as shown in Fig. 8͑b͒ , we find that the LC molecules are aligned by electric field along the direction lean to one side, as expected by calculation. Therefore, reverse tilt domains are generated. Figure 8͑c͒ shows the director distortion after applying a voltage of 4 V across the LC cell. Disclinations obviously appear at the boundaries between the reverse tilt domains, i.e., OOЈ, AAЈ, BBЈ, CCЈ, and DDЈ lines.
At last, we find that the locally asymmetric pretilt angle configurations generate the abnormal reverse tilt domains. Therefore, we can model the cause of the abnormal reverse tilt domains in a splay aligned LC cell with uniform rubbing treatment. Thin PI films are the most commonly employed LC alignment layers. They are unidirectionally rubbed with a cloth to achieve uniform LC alignment and to generate an appropriate LC pretilt angle, defined as the angle between the LC director, the average direction of the local alignment of LC molecules, and the alignment layer surface plane. In general, rubbing on polymer-coated substrates does not result FIG. 7 . The position of singular point shifted with the initial boundary conditions. LSPA is 5°. Therefore, singular point appears in USPA of 5°. In the case of weak anchoring condition, it is assumed that extrapolation lengths are to be 0.01 or 0.1 m.
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Lee et al. J. Appl. Phys. 100, 064902 ͑2006͒ in the unique pretilt angle but the average one parallel to the surface in the rubbing direction. It can be easily understood from the fact that the anisotropic orientational distribution of a surface monolayer of molecules is proven by Berreman's groove theory, 24 second-harmonic generation technique 25, 26 and atomic force microscope analysis 27 of the rubbed surface. Therefore, if the same alignment layer is used in top and bottom substrates of a test cell, it is expected that the pretilt angle is composed of various angles along the rubbing directions due to the interaction of substrates and directors, as shown in Fig 5. In consequence, if we use the asymmetric pretilt angle configuration by using the different alignment layer in each of top and bottom substrates in a test cell, we can expect that it is able to do away with the reverse tilt domains since pretilt angle in only one substrate is larger than the other substrate on the average.
IV. CONCLUSION
In summary, we proposed that the abnormal reverse tilt domains observed during the splay-to-bend transition in a splay-aligned LC cell came from the locally asymmetric effect of pretilt angle by using the same alignment layers in the upper and lower substrates, and proved it by a simple calculation based on Oseen-Frank theory. By using Dickman's Q-tensor method, the behavior of LC directors after an electric field is applied is simulated. It is confirmed that the results between the theoretical and experimental analysis is coincident. From these results, we could conclude that in splay-aligned LC cell rubbed with the same alignment layer the reverse tilt domains must be generated as the middle state during the transition from the splay to the bend states, and only a splay-aligned LC cell rubbed with the different alignment layer eliminates the abnormal reverse tilt domains. 
